Purified antibody to poly(adenylic acid)poly(uridylic acid) was used in quantitative microcomplement fixation assays to detect conformational variations among several double-helical polyribonucleotide analogs of poly(adenylic acid)poly(uridylic acid) or poly(inosinic acid)poly(cytidylic acid) that had been previously evaluated for their ability to induce interferon. Modification at the furanose 2'-position of one or both strands resulted in a dramatic decrease in serological reactivity. Most modifications of the bases caused smaller serological changes, and no base modification caused complete loss of reactivity. The reaction patterns support the conclusion that the structure of the furanose and the overall conformation of the helix are critical in the formation of antigenic determinants. The backbones of both strands appear to be involved in forming a single antigenic site, and base modifications may alter the steric relationship between the backbones. In addition, the same structural changes that substantially alter recognition by antibody also lead to large changes in the interferon-inducing ability of the nucleic acid.
Immunochemical studies of synthetic polynucleotides provide valuable information regarding the specificity of the immunological response and present a useful model system for the study of protein-nucleic acid interactions. Experimentally induced antibodies to double-stranded RNA (ds-RNA) forms have specificities toward conformational aspects of the structures, rather than to the individual base or ribose components (1) (2) (3) (4) (5) . Although a purified antibody to (A)n-(U)n reacts very well with (I)n(C)n, it reacts only poorly with (A)n-(dT)n and not at all with (dA)n-(dT)n or (G)n-(C)n (3, 6) . Similarly, anti-hybrid antibodies, such as those directed against (A)n-(dT)n, crossreact with other hybrid forms, such as (I)n-(dC)n, but not with any purely RNA or purely DNA polynucleotides (6, 10) . Antibodies are also capable of recognizing specific determinants of triple-helical polynucleotides (7) .
The structure of double-helical nucleic acids are of interest in regard to their various biological activities, such as their ability to inhibit protein synthesis in cell free systems (8) , their immunoadjuvant effect (9) , and their role as repliAbbreviations: (A)n, poly(adenylic acid); (U)n, poly(uridylic acid); (I)n, poly(inosinic acid); (C)n, poly(cytidylic acid); (dC)n, poly(deoxycytidylic acid); (rT)n, poly(ribothymidylic acid); (c7I)n, poly(7-deazainosinic acid); (br5U)n, poly(5-bromouridylic acid); (c7A)n, poly(7-deazaadenylic acid); (br5CQn, poly(5-bromocytidylic acid); (dUZ)n, poly(2'-azido-2'-deoxyuridylic acid); (Ae)n, poly(2'-O-ethyladenylic acid); (L)n, polylaurusin; (dUfl)n, poly(2'-fluoro-2'-deoxyuridylic acid); (dCcl)n, poly(2'-chloro-2'-deoxycytidylic acid); (UM)n, poly(2'-O-methyluridylic acid); (Am)n, poly(2'-O-methyladenylic acid); (Cm)n, poly(2'-O-methylcytidylic acid); (dA)n, poly-(2'-deoxyadenylic acid); (dT)n, poly(deoxythymidylic acid); (G)n, poly(guanylic acid); (dCz)n, poly(2'-azido-2'-deoxycytidylic acid); ds-RNA, double-stranded RNA. Noncovalent associations are indicated by a center dot, such as (A)n-(U)n.
cative forms of viral RNA (10) . In addition, several synthetic polyribonucleotide duplexes are potent inducers of interferon formation and resistance to viral infections both in vivo and in vitro (for review see ref. 11). The specificity of this induction mechanism has been investigated through the use of analogs of (I)n-(C)n and (A)n-(U)n. The results have shown that the ribofuranose 2'-hydroxyl group plays a critical role in influencing the induction mechanism (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Modifications of the bases can also alter the capacity of the duplexes to induce interferon (21) (22) (23) .
In view of the possibility that the cellular receptor site for interferon inducers is protein in nature (13) , this study was undertaken to investigate the reactivity of several synthetic interferon inducers with a protein of defined specificity, an antibody to (A)n-(U)n. The differences in recognition of these polynucleotide duplexes by antibody provides further insight into the nature of the antigenic determinants of double-stranded polynucleotides; furthermore, many of the structural changes that lead to differences in recognition by antibody to ds-RNA also result in major alterations in the interferon-inducing capacity of such double-stranded polynucleotides. These results suggest that it is presently reasonable to postulate that the cellular receptor site for interferon inducers is protein in nature.
MATERIALS AND METHODS Nucleic Acids. Escherichia coli tRNA was obtained from General Biochemical (Chagrin Falls, Iowa). Bacteriophage f2 was the gift of Dr. Michael Malamy. Purification of the bacteriophage and extraction and purification of f2 RNA was essentially as described by Gesteland and Boedtker (25) . (I)n(S20,w = 9.4 S), (C)n(S20,w = 10 S), (A)n(S20,w = 9.7 S), (U)n(S20,w = 7 S), (Um)n(s2o0 = 10 S), (Am)n(s20,w = 11 S), (Cm)n(s20,w = 3.1 S), and (G)n(S20,w = 8.8 S) were all products of P-L Biochemicals (Milwaukee, Wisc.). The following polynucleotides were obtained according to previously described methodology: (c7A)n (23, 27); (C7I)n (21), S20 = 4.3 S; (L)n (22), S20 = 9.5 S; (br5C)n (21), S20 = 11.5 S; (br5U)n (23, 27) ; (rT)n (23, 27); (dUZ)n (26), S20 = 12.6 S. In instances where S20,w values were not determined, the polymers were judged to be of high molecular weight by the observations that they were eluted in the void volume of a'Sephadex G-200 column (25 X 2 cm, 0.04 M ammonium bicarbonate buffer, pH 7), possessed melting behavior (Tm and cooperativity) identical to samples of known high molecular weight (>6 S), and were able to participate in polynucleotide displacement reactions involving high-molecular-weight polymers (>6 S). Finally, all duplex RNAs used herein were from preparations that were shown capable of eliciting the same interferon response (in primary rabbit kidney cells) as has been previously reported [i.e., (I)n-(C)n, (A)n-(U)n, (A)n. (rT)n; , (A)n-(brUU)) ;
and (Ae)n-(U)n.
(rT)., (c7I)n.(G)n, (c7I)n-(br5G)n, and (I)n (br5C)n]. The following polynucleotides were obtained as gifts: (Ae)n, Dr. Fritz M. Rottman; (dUfl)n, Dr. Borek Janik; (dCcl)n and (L)n*(brsC)n*** 30 22 (I)n *(dCcl)n*** 120 5.7
(A)n * (dUz)n o100-130i
t The number of asterisks after the duplex refers to approximate increases in the amount of duplex required to obtain maximum complement fixation (see Fig. 2 ). One asterisk (*) denotes a 3-fold increase, two asterisks (**) represent a 9-fold increase, and 3 asterisks (***) indicate a 27-fold increase in the concentration of antigen at maximum complement fixation. t The titer values were extrapolated from plots, as explained in Materials and Methods and as illustrated in Fig. 3 . § Calculated by dividing the titer of the duplex into the titer for (A)n-(U)n. The larger the index, the larger the structural change as recognized by the antibody. For the unreactive duplexes [(A)n-(Um)n, (I)n-(Cm)n, (Am)n'(U)n, (Am)n-(Um)n, (A)n-(dUfl)n, (Ae)n-(U)n, (I)n.(dCz)n, and (G)n-(C)n] and all single strands, this value would be greater than 22.
1T (A)n-(dUz)n, at high concentrations, in the absence of antibody, was able to inactivate some complement. At lower duplex concentrations both (A)n-(dUz)n and antibody were necessary to fix the complement. These values represent the minimal and maximal estimations with and without correction for this anticomplementary activity. Because of the anticomplementary activity, it was not possible to determine the duplex concentration at maximal complement fixation. (dCz)n, Dr. John Hobbs. The (G)n-(C)n duplex was made as described earlier for (A)n*(U)n (4), and formation of the complex was confirmed spectrophotometrically (24) .
Antisera were obtained from rabbits immunized with (A)W.(U)n-methylated bovine serum albumin complexes.
Antibody was purified by dissociation of precipitates formed with (I)On(C)n, as described (28).
Quantitative Complement Fixation was performed by the method of Wasserman and Levine (29) 
RESULTS
The purified antibody against double strands used in these studies reacted as did other antibodies against (A)n-(U)n described previously (6) . In the complement fixation assay, 44 ng (0.2 ml of a Awoo dilution from stock) of the antibody per reaction mixture reacted well with (A)n-(U)n and (I)On(C)n, and a 5-fold higher concentration did not react with (G)n-(G)n, E. coli tRNA, or bacteriophage f2 RNA or any singlestranded polymer tested.
Immunology: Johnston et al. point. A, MIn-(CQn; *, (c7I)n-(C)n; *, (I)n-(dCcl)n; V, (C7A)n-(rT)n; 13, (A)n-(U)n; 0, (A)n-(rT)n.
Two kinds of changes occurred in the complement fixation curves with modification of the polymer structure ( Figs.  1 and 2) . With a given amount of antibody, all modifications resulted in a decrease in the amount of complement fixed, as observed by vertical shifts of the complement fixation curves (Fig. 1) . In some cases [(A)n-(U)n, (I)n0(C)n, and (A)n-(rT)n], the amount of duplex required to reach the maximum point on these curves was constant. With other duplexes, increased amounts of polynucleotide were required to obtain maximal complement fixation, resulting in a horizontal shift of the curve (Fig. 2) . These horizontal shifts showed about a 3-to 30-fold increase in the amount of duplex required, relative to the amount of (A)n0(U)n required for maximal reactivity (see Table 1 , footnotet).
The vertical shifts of the curves were the major changes quantitated, and were used to obtain the titers and indices of dissimilarity for each duplex (Table 1) as described in Materials and Methods and as illustrated in Fig. 3 . The indices of dissimilarity vary from the set 1.0 for (A)n.(U)n to 22 for (L)n0-(br5C)n, which gave the weakest positive reaction of all the duplexes.
For the base modifications, the order of reactivity in the (I)n.(C)n system was (I)n-(C)n > (c7I)n-(CG)n > (I)n-(br5C)n > (c7I)n-(br5C)n, and in the (A)n-(U)n system it was
To compare the reactivity change due to any specific type of modification, ratios of the titers were calculated ( Table 2) . Any ratio greater than 1.0 indicates a decrease of reactivity of the second duplex compared to the first duplex. Significant alterations in serological activity of the helical polymers resulted from even minor modification of bases of either one or both strands. The singly modified (c7A)n-(U)n duplex was the least reactive of the (A)n-(U)n based duplexes, and further modification to (c7A)n0(rT)n or (c7A)n (br5U)n improved its reactivity (ratio of titers <1.0). In all other instances, two base modifications caused greater serological changes than did one modification. (A)n0 (U)n/(c7A)n-(U)n ()n * (C)n/(C7I)n -(C)n 5.0 1.9 Pyrimidine H to CH3 or Br (A)n (U)n/(A)n (rT)n 1.9 (A)n-(U)n/(A)n (brsU)n 2.5 (I)n (C)n/(I)n-(br5C)n 2.6
Second modification of singly modified (A)n0 (U)n and (I)n (C)n Purine N7 to C7 Pyrimidine H t (A)n 0 (rT)n/(C7A)n (rT)n (A)n-(br5U)n/(c7A)n-(br5U)n (In (br'C)n /(C7I)n (br'C)n 1.9 1.7 1.5
to CH3 or Br (c7A)n-(U)n/(c7A)n-(rT)n 0.
(c7A)n-(U)n/(c7A)n-(br5U)n 0.
(c7I)n-(C)n/(c7I)n0 (br5C)n 2.
Double modification of (A)0 -(U)n and (I)n * (C)n Purine N7 to C7 and Pyrimidine H to CH3 or Br
(dCz)n, (Ae )n * (U)n I . Table 1 for specific types of modifications. For example, changing the N7 of adenine in the (A)n.(U)n duplex to give (c7A)n-(U)n results in a change of titer from 680 to 135, the ratio therefore being 5.0. The larger the number, the larger the change in the conformational determinants necessary for antibody recognition.
Every modification at the 2' position of the furanose ring resulted in a profound decrease of reactivity with antibody. Most of these double-stranded polymers were totally unreactive at an antibody concentration (720 ng per reaction mixture) that was over 22 times that needed for 50% complement fixation with (A)n0(U)n (32 ng). These included (A)n-(Um)n, (Am)n-(U)n, (Am)n0(Um)n, (I)n-(Cm)n, (A)n-(dUfl)n, (Ae)n-(U)n, and (I)n0(dCz)n. Two other furanose modified polymers, (I)n.(dCcl)n and (A)n-(dUz)n, did react but they required a high antibody concentration as well as a high antigen concentration.
With the qualitative but sensitive technique of counterimmunoelectrophoresis, further distinctions could be made among the polymers that were unreactive in complement fixation. With whole serum, (Am)n (Um)n and (Ae)n0(U)n were still unreactive, while the others did show some precipitation. Samples of 0.5 ,g of these 2'-modified polymers required at least 15 times as much antibody as that needed for reactivity with (A)n-(U)n in this assay.
DISCUSSION
These results support previous suggestions (30) that the antigenic specificity of double-stranded polynucleotides involves recognition of the pentose phosphate backbone on the outside of the helix, and that both strands of a double helix contribute to the formation of a single antigenic determinant. The presence of the ribose itself was not sufficient to ensure reactivity with antibodies to (A)n-(U)n since all single strands and even (G)n-(C)n were unreactive. Still, the ribose did play an important role in specificity, as demonstrated by the great decrease in serological reactivity with modification at the 2' position. A particular shape of the furanose could thus serve directly as a binding site or as a major effector of the structure of the sugar-phosphate backbone and thus of the overall conformation of the helix. Since modifications of the sugar in just one chain had a profound effect, and since the weakly reactive (L)n-based duplexes and the unreactive (G)n-(C)n contain unmodified ribose in both strands, it appears that the sugars and the backbones of the two strands must be in a specific orientation to each other to form one antigenic determinant, i.e., that the overall conformation of the helix is recognized by these antibodies. Since individual bases are not recognized by antibodies against (A)n-(U)n (1) (2) (3) (4) (5) , serological changes accompanying base modifications may also reflect changes in helical conformation. Other kinds of antibodies, such as those induced by ribosomes, appear to require only one backbone and can react with single-, double-, or triple-helical polyribonucleotides and RNA of diverse forms (30) .
The purified preparation of antibody against (A)n-(U)n may consist of more than one population of antibody, with varied specificities and a range of avidities. Changes in the ds-RNA structure may be accompanied by parallel decreases in the number of antibody populations that recognize the structure, producing a vertical shift in the complement fixation curves (Fig. 1) . The horizontal shifts of the curves (Fig.  2 ) may result from a large change in antibody avidity for the modified duplexes (31) .
The use of antibody against (A)n-(U)n has also proven to be a rapid method for detecting conformational differences among synthetic double-stranded polynucleotides used as potential interferon inducers. Striking similarities exist in the features recognized by the antibody and interferon-inducer receptor systems.
(i) Recognition in Both Systems Is Dependent on the Gross Secondary Structure. Antibody to (A)n-(U)n fails to react with single-stranded polymers but does react with (A)A.2(U)n (1-3) and other triple-stranded polynucleotides (Johnston, Stollar, Torrence, and Witkop, unpublished observations), although its reactions with duplexes and triplexes are quantitatively different (28) . This could be true crossreactivity, since x-ray fiber diffraction studies have demonstrated a remarkable similarity of triple-helical ribonucleic acids and the A' form of RNA (32, 33) . Alternatively, it could be due to small amounts of duplex in the (A)n-2(U)n preparation. With regard to interferon induction, no denatured nucleic acid, single-stranded homopolymer, or triplestranded nucleic acid has been observed to induce interferon [although conflicting reports have appeared indicating that extremely high concentrations of certain homopolymers may give rise to low titers of interferon (11, 34, 35) ]. In contrast to single strands, certain triplexes have been shown to reduce the titer of active interferon inducers, implying that such triplexes may be capable of binding to the receptor site for inducers (23) .
(ih) Recognition in Both Systems Is Dependent upon the Nature of the Ribose Phosphate Backbone. All 2'-modified polynucleotides (including double-stranded DNA and DNA-RNA hybrids) altered in either one or both strands of the double helix, fail (except in some instances at concentrations 102-104 times that required for active inducers) to induce interferon (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . The present work demonstrates that such 2'-modifications cause similar dramatic decreases in reactivity toward antibody against (A)n-(U)n. (31) , and these latter nucleic acids are potent interferon inducers (11) .
(iv) Modification of the Purine and Pyrimidine Bases Can Significantly Alter Recognition in Both the Antibody Against (A).(U)n System and the Interferon Induction System. Complexes based on the nucleoside laurusin (containing a C-glycoside bond) fail to induce interferon even though they possess all previously recognized requirements for interferon inducers (22) . The same (L)n complexes also exhibit a vastly altered reactivity with antibody against (A)n-(U)n. A more tenuous situation arises in the comparison of double-stranded polymers based on (c7A)n and those based on (c7I)n. The (c7A)n complexes all fail to induce interferon, whereas the (c7I)n complexes are potent inducers (21, 23 ).
Yet complexes derived from both polymers show analogous indices of dissimilarity (Table 2) . In this regard, it is important to note that a similar index of dissimilarity does not indicate any semblance between the duplexes themselves, but only that their antigenic determinants differ to a given extent from those of (A)n-(U)n. The nature or direction of the difference cannot be determined from this data. (Similar considerations hold for the duplexes with modified pyrimidine stands.) Finally, certain duplexes based on (c7A)n can inhibit the production of interferon by active inducers (23) , suggesting that the partial conformational similarity to (A)n.
(U)n or (I)n-(C)n (as indicated by this study) may enable such duplexes to bind to the cellular receptor site for interferon inducers.
There exists one apparent anomaly; namely, the duplex (A)n-(br5U)n inactive as an interferon inducer (23), exhibits serological reactivity very similar to duplexes like (A)n-(rT)n or (c7I)Q.(C)n, which are good inducers of interferon (21, 23) .
It has been previously suggested that the inactivity of (A)n-(br5U)n is due to a strandwise rearrangement to (A)n-2(br5U)n (inactive as an inducer) under physiological conditions (23) . Such a rearrangement would not occur under the conditions used in the complement fixation assays. These similarities provide strong circumstantial evidence to support the hypothesis that one of the early steps in the interferon induction process involves the recognition (most probably by a protein) of a particular spatial and steric configuration of the nucleic acid double helix. We would emphasize, however, that these correlations in no way imply any other kind of functional relationship between interferon induction and the serological specificity of antibodies against ds-RNA.
Both specific antibodies to helical nucleic acids and the cellular receptor in the interferon-inducing apparatus are useful probes for identifying or comparing nucleic acid structures. In addition to the examples provided here, these systems have been used to detect viral replicative ds-RNA (36) , to distinguish ds-RNA from RNA-DNA hybrids (10) 
